The various methods of spectral responsivity measurements for dye-sensitized solar cells (DSCs) were investigated using two starkly different types of cells: one cell involving a 3-Methoxypropionitrile (MPN) as a solvent of an electrolyte and the other, an ionic liquid electrolyte. A linear relationship was observed between the short-circuit current and monochromatic light intensity in the range of 0.05 to 4.0 mW cm , not only for the MPN based cell but also for the ionic liquid based cell, although the current response of the ionic liquid based cell was slower probably due to the high electrolyte viscosity. It was found that correct spectral responsivity measurements could be performed by a conventional AC method in which the chopping frequency was adjusted low enough to obtain a steady state current under illumination conditions similar to practical applications. While the spectral responsivity determined by the DC method was higher than that by the AC method under white bias irradiation, the DC method may be considered useful to compare the spectral responsivity of DSCs prepared by different manufacturers since errors caused by the use of a different bias light source by individual manufacturers would be eliminated.
Introduction
Solar cells have attracted much attention as a promising source of renewable and safe energy especially after the serious accident at the Fukushima Daiichi Nuclear Power Plant which was disabled by a M9.0 earthquake off the coast of Eastern Japan and subsequent tsunami on March 11, 2011 . However, the high manufacturing costs of crystalline silicon solar cells, which are used in the largest quantities, prevents the widespread use of solar energy. To address this problem, various types of solar cells, e.g., amorphous silicon, polysilicon thin films, compound semiconductors, organic thin films, and dye-sensitized solar cells (DSCs) are under investigation by various groups. 1 Among these materials, nanocrystalline DSCs made from widely available titanium dioxide and developed by Professor Grätzel et al. at EPFL, Switzerland, in 1991 2 can be considered a promising and less costly alternative to conventional silicon solar cells which are expensive and require an inefficient vacuum process to produce. 3 In addition, although the energy conversion efficiency of a DSC is lower than that of a crystalline silicon solar cell under strong sunlight irradiation, higher performance can be expected when compared to crystalline solar cells under weak irradiation such as faint morning or evening light and indoor or oblique light. 1, 4 Continuing research efforts are presently underway to improve the performance of DSCs, especially its energy conversion efficiency. The highest confirmed cell and submodule efficiencies reported in the 'Solar Efficiency Tables (Version 39)' 5 are 11.0% for a 1-cm 2 cell fabricated by Sharp 6 and 9.9% for 17-cm 2 eightparallel-cells fabricated by Sony, 7 respectively. Although 11.4% efficiency has been reported by the Japanese National Institute for Material Science (NIMS) 8 in August 2011, without clear guidelines for DCSs under Japanese Industrial Standards (JIS) and the International Electrotechnical Commission (IES), this could not be recognized as a class record because the cell area is too small (0.23 cm 2 ). Further improvement of materials and cell-structure as well as the development of appropriate evaluation methods for cell functions will be required to gauge and improve the overall performance of DSCs. Although international standards for the evaluation of silicon solar cells have been put forth and established by the IEC and JIS, the direct application of these standards to DSCs have serious drawbacks since the response time of a DSC is known to be much longer than that of a silicon solar cell. 913 An 'Evaluation method of performance for dye-sensitized solar devices' (OITDA-PV01-2009) 9 based on a technological report by Hara et al. 10 has been published by the Optoelectronic Industry and Technology Development Association, however, this document does not provide standards for the evaluation of DSCs.
Here, spectral responsivity as an essential measurement in analyzing the fundamental characteristics of solar cells is proposed. Although the spectral responsivity of a DSC has been investigated by a number of research groups, 1019 it is very difficult to compare the data reported since the methods of measurements differ. Standardization of the spectral response measurement of DSCs would enable comparisons of data obtained by different groups since the wavelength range across which light can be absorbed changes with the kind of dye and to increase this range would enhance the photovoltaic performance of the cells. A standard procedure for spectral response measurement of solar cells has been put forth in the ASTM E1021 norm. 20 The spectral response was measured using pulsed monochromatic illumination with chopped light beams under continuous white bias irradiation. A lock-in amplifier was used to distinguish the current response to the pulsed monochromatic illumination from the total output current. It is also important to set the response time of the cell to be much shorter than the period of illumination generated by the chopped light in order to avoid underestimation of the short-circuit current. The response time of a DSC is known to be much longer than that of a silicon solar cell, as described above. This slow response originates from the structure of the DSC which consists of a photoelectrode, an organic electrolyte containing an I photoelectrode consists of a porous nanocrystalline TiO 2 film, which is sensitized for visible light by a monolayer of the adsorbed dye and deposited on a layer of transparent conducting oxide on glass. The incident light on the photoelectrode excites the dye and electrons are subsequently injected into the conduction band of the TiO 2 . The injected electrons diffuse across the TiO 2 film to reach the transparent oxide on glass, then flow into the external circuit. The sensitizer is subsequently regenerated by electron donation from the I ¹ in the electrolyte. The I 3 ¹ ions formed as a result of I ¹ oxidation diffuse to the counter electrode where they are reduced back to I ¹ by the electrons that have passed through the external circuit to perform electrical work.
The slow response of DSCs may be related to the slow diffusion rate of the electrons across the TiO 2 film 1115, 19, 2123 and/or the diffusion limitation of the ions in the electrolyte. 1214 Considering this slow response, the measurement conditions for spectral responsivity, e.g., the chopping frequency of the monochromatic beams, should be determined carefully to avoid underestimation of the short-circuit current when the standard method (AC method) is applied according to the ASTM E1021 norm. Hara et al. 10 have stated that the chopping frequency of the monochromatic beams should be 12 Hz under 1 sun (standard global air mass 1.5, 100 mW cm
¹2
) continuous bias illumination. Another method is measurement of the spectral response to continuous monochromatic irradiation using monochromatic light in the absence of a bias light (DC method). 16, 17 Hohl-Ebinger et al. 15 have reported that the spectral responsivity obtained by the AC method with a chopping frequency of less than 1 Hz under 1/2 sun bias and spectral responsivity obtained by the DC method are in excellent agreement. Similar results have been reported by Hara et al. 10 and Sommeling et al., 13 however, changes in the spectral responsivity with the bias light intensity have also been reported. 10, 19 A number of research groups have reported that the response time of a DSC may deviate greatly depending on the kinds of elemental materials in DSCs such as the electrolytic solvents. 10, 1315, 19 This paper aims to propose methods of spectral responsivity measurement suitable even for slow response DSCs. The suggested methods can be used to evaluate and compare the cell functions of DSCs prepared by independent manufacturers. For this purpose, spectral responsivity measurements have been performed using two very different types of cells: one which includes a typical organic solvent electrolyte and the other, an ionic liquid electrolyte.
Experimental

Type of Cells
Two different types of DSCs were supplied by a manufacturer: one cell containing 3-Methoxypropionitrile (MPN) as a solvent of an electrolyte (cell A) and the other containing an ionic liquid electrolyte (cell B). The viscosity of the ionic liquid electrolyte was about 30 times higher than that of the MPN containing electrolyte at 20°C. A mesoscopic TiO 2 semiconductor electrode sensitized by cis-RuLLB-(SCN) 2 (L = 2,2B-bipyridyl-4,4B-dicarboxylic acid, LB = 4,4B-dinonyl-2,2B-bipyridyl) (Z907) dye was used for both cells. The active area for each cell was 0.196 cm 2 .
I-V measurements
I-V characteristics were measured under 1 sun irradiation using a solar simulator (Yamashita Denso YSS-T150A). The light source of this solar simulator consists of xenon and halogen lamps, and spectral mismatch was less than 3% according to IEC60904-9. Voltage sweep rates for I-V measurements were set so that an I-V curve determined by the forward scan (from short-circuit to opencircuit) agreed with that by the reverse scan. The photoelectronic conversion efficiency (©) and the fill factor (FF) were calculated as follows:
where V oc (V), J sc (mA cm ¹2 ), P rad (mW cm ¹2 ), V max (V), and J max (mA cm
¹2
) represent an open-circuit voltage, a short-circuit current density, an incident light intensity (100 mW cm ¹2 at STC), a voltage at the maximum power point, and a current density at the maximum power point, respectively.
Spectral responsivity measurements
Spectral responsivity measurements were carried out under shortcircuit conditions (i.e., zero applied bias voltage) at 25°C using a spectral response measurement device (BUNKOUKEIKI, CEP-2000MLQR). For the DC method, the measurement duration of the short-circuit current, which was generated by monochromatic irradiation with wavelength resolution of 24 nm, was adjusted long enough to ensure the current reached its maximum or steady-state value. The irradiation intensity of the monochromatic light was measured by a calibrated silicone diode. The transient short-circuit current, after stepwise application of monochromatic irradiation, was measured with an oscilloscope (LeCroy WaveRunner 62Xi) connected to a zero shunt ammeter (Hokuto Denko, HM-104). The irradiation intensity of the monochromatic light was varied from 0.05 to 4.0 mW cm ¹2 to examine the linearity of the short-circuit current to the irradiation intensity. Spectral responsivity measurements with the AC method were carried out by pulsed monochromatic illumination using a chopped light beam under continuous white bias irradiation. The transient short-circuit current, as a response to pulsed monochromatic illumination, was also measured using the same apparatus as described above. The irradiation frequency and intensity of the pulsed monochromatic illumination were varied from 0.3 to 85 Hz and from 0.5 to 4.0 mW cm ¹2 , respectively. The intensity of the white bias irradiation was also varied from 0 to 1 sun.
Electrochemical impedance measurements
In order to investigate the electronic and ionic processes in DSCs, electrochemical impedance measurements were performed by using a computer-controlled potentiostat (Princeton Applied Research Model 273) equipped with a frequency response analyzer (Solartron SI 1260). The amplitude and frequency range of the applied alternative signal were 10 mV and 0.01 Hz320 kHz, respectively.
Overall short-circuit current density determination
The overall short-circuit current density of each cell (Jsc c ) was estimated from the integrated products of the measured spectral response (SR()) and the spectral irradiance of the AM1.5 standard (I()) 24 as follows:
The estimated Jsc c was compared with the short-circuit current density measured under 1 sun irradiation using a solar simulator (Jsc m ). Electrochemistry, 80(9), 640646 (2012) be due to difference in the diffusion rate of I 3 ¹ in MPN containing electrolyte and that in the ionic-liquid electrolyte. This will be discussed later. The photoelectronic conversion efficiencies (©) of cell B was lower than that of cell A, but the fill factors (FF) of cell B was higher than that of cell A.
Current Response to continuous monochromatic light
The transient short-circuit current densities of cells A and B normalized by the steady state values after stepwise application of monochromatic irradiation are shown in Figs. 2 and 3 , respectively. The response time decreased with an increase in the irradiation intensity for both cells. This irradiation-intensity dependence of the response time may be related to the diffusion rate of the electrons across the TiO 2 film, which increases with an increase in the irradiation intensity. 1115, 19, 2123 The response time of cell B to reach the steady state value was longer than that of cell A. On the other hand, when the irradiation intensity was 0.05 mW cm
¹2
, the current increase of cell B in the early stage was more rapid than that of cell A. Figure 4 represents the electrochemical impedance spectra of cells A and B obtained under open-circuit conditions upon 1 sun irradiation. Both spectra are observed to consist of three semicircles. It is known that the high-frequency semicircle is attributed to the charge transfer at the counter electrode while the intermediatefrequency semicircle is associated with the electron transport in the mesoscopic TiO 2 film and the back reaction at the TiO 2 /electrolyte interface. The low-frequency semicircle reflects the diffusion of I 3 ¹ in the electrolyte. 2530 As shown in Fig. 4 , the semicircle in the lowfrequency range was larger for cell B than for cell A. These results indicate that the diffusion rate of I 3 ¹ in the ionic-liquid electrolyte is lower than that in the MPN containing electrolyte probably due to difference in the electrolyte viscosity between two cells. The slow response of cell B to reach the steady state value described above Electrochemistry, 80(9), 640646 (2012) may be caused by this phenomenon. The characteristic frequency at the top of the semicircle in the intermediate-frequency region, which is proportional to the reciprocal of the electron lifetime in a TiO 2 film, is higher for cell B than for cell A. From these results, it is assumed that the rapid current increase of cell B is related to the short electron lifetime in the ionic liquid based cell. FabregatSantiag et al. 31 have also suggested through impedance spectroscopy measurements of DSCs that the electron lifetime is much larger for the solvent containing electrolyte than for the ionic liquid electrolyte, while the diffusion rate of I 3 ¹ is much lower in the ionic liquid electrolyte than in the solvent containing electrolyte. Figure 5 represents the spectral responsivities of cells A and B determined with the DC method by applying continuous monochromatic light without bias light. The spectral responsivity curve remained almost unchanged in the light-intensity range of 0.05 to 4.0 mW cm ¹2 for both cells. The relationship between the shortcircuit current density and monochromatic light intensity obtained for both cells are shown in Fig. 6 . A linear relationship can be seen in a wide range of intensities not only for cell A but also for cell B. Hohl-Ebinger 15 et al. have suggested that a non-linear relationship is predictable between the short-circuit current of an ionic liquid based cell and light intensity by referring to a report by Sommeling et al. 13 However, Sommeling et al. have reported that the non-linear relationship was observed not for the ionic liquid electrolyte but for viscous electrolytes containing polyethyleneglycol (PEG). The present results suggest that the linear relationship between the shortcircuit current and light intensity may hardly be affected by the low diffusion rate of I 3 ¹ in an ionic-liquid electrolyte.
Determination of the spectral responsivity by the DC method
Current Response to pulsed monochromatic light
The transient short-circuit currents of cells A and B as a response to pulsed monochromatic light in which the intensity was 4 mW cm
¹2
, as determined in the absence of bias light, are shown in Figs. 7 and 8, respectively. The steady state values of the shortcircuit current density at a wavelength of 550 nm were obtained at a chopping frequency lower than 1.3 Hz for both cells. At a wavelength of 750 nm, the chopping frequency to reach the steady state value was lower than 0.3 Hz for both cells. This slow response may be caused by the low diffusion rate of the electrons across the TiO 2 film and associated with the low spectral responsivity at a wavelength of 750 nm. Electrochemistry, 80(9), 640646 (2012) 3.5 Determination of the spectral responsivity by the AC method 3.
Effect of monochromatic light intensity
The effects of monochromatic light intensity on the spectral responsivity of cells A and B obtained by the AC method at a chopping frequency of 0.3 Hz are shown in Fig. 9 . The spectral responsivity curve remained almost unchanged regardless of the monochromatic light intensity for both cells. A linear relationship similar to that obtained by the DC method was observed between the short-circuit current and monochromatic light intensity. Figure 10 shows the effects of the chopping frequency on the spectral responsivity of cells A and B obtained without bias irradiation at a monochromatic light intensity of 2.5 mW cm ¹2 . The spectral responsivity determined at a chopping frequency of 0.3 Hz was almost the same as that determined by the DC method, as shown in Fig. 5 , however, it decreased with an increase in the chopping frequency in a range higher than 1.3 Hz for both cells. This decrease can be explained by the slow response of the short-circuit current since the current did not reach the steady-state value at a chopping frequency higher than 1.3 Hz, as shown in Figs. 7 and 8 . The effects of the chopping frequency on the spectral responsivity determined at the same monochromatic light intensity as in Fig. 10 under 1 sun irradiation are shown in Fig. 11 . The spectral responsivity of cell A increased with a decrease in the chopping frequency in the frequency range higher than 13 Hz in the similar manner as that determined without bias irradiation, and subsequently remained almost constant in the frequency range of 3.3 Hz to 13 Hz. However, it decreased with a decrease in the chopping frequency in the frequency range lower than 1.3 Hz in a manner different from that determined without bias irradiation. Such a decrease of the spectral responsivity upon a decrease in the chopping frequency was Electrochemistry, 80(9), 640646 (2012) also observed for cell B at a chopping frequency of 0.3 Hz. The cause of this decrease will be discussed later.
Effect of the chopping frequency
Effect of the bias light intensity
The effects of the bias light intensity on the spectral responsivity of cells A and B determined by the AC method at a monochromatic light intensity of 2.5 mW cm ¹2 are shown in Fig. 12 . The spectral responsivity can be observed to decrease with an increase in the bias light intensity for both cells. Similar results have been reported by Hara et al. 10 and Guo et al. 19 Hara et al. have suggested that this decrease in spectral responsivity may be related to light absorption in the wavelength range of 400500 nm caused by I 3 ¹ accumulated in the vicinity of the electrode as a result of the oxidation of I ¹ accelerated by bias light irradiation. If this assumption is correct, a decrease in the spectral density with a decrease in the chopping frequency may also be related to I 3 ¹ accumulation caused by prolonged irradiation.
Overall short-circuit current density
The overall short-circuit current densities of cells A and B estimated from Eq. (3) using the spectral response were compared with those measured under 1 sun irradiation with a solar simulator ( Table 1 ). The short-circuit current densities estimated using the spectral response measured by the AC method under 1 sun irradiation were in good agreement with those measured by a solar simulator for both cells, while those determined using the data measured by the DC method without bias light were higher. These results indicate that spectral responsivity measurements should be performed under illumination conditions similar to practical use.
Conclusions
The current response of an ionic liquid based cell after stepwise application of monochromatic irradiation was found to be slower Electrochemistry, 80(9), 640646 (2012) than that of a MPN based cell due to the low diffusion rate of I 3 ¹ in an ionic-liquid electrolyte. If the measurement duration of the shortcircuit current is adjusted long enough to reach a steady state value, a linear relationship can be observed between the short-circuit current and light intensity in a wide range of intensities not only for the MPN based cell but also for the ionic liquid based cell.
The spectral responsivity of DSCs can be measured by a conventional AC method according to the ASTM E1021 norm if the chopping frequency is selected to obtain a steady-state current at each wavelength. However, the observation that the spectral responsivity changes with the bias light intensity in a manner different from silicon solar cells should be taken into consideration. Spectral responsivity measurements, thus, should be performed under illumination conditions similar to those under practical use. According to the 'Evaluation method of performance for dyesensitized solar devices' (OITDA-PV01-2009) 9 described above, the DC method can be applied only when the spectral responsivity determined by this method agrees with that determined by the AC method under white bias irradiation. Our results suggest that the spectral responsivity determined by the DC method is higher than that by the AC method under white bias irradiation. For the comparison of the SR() values of DSCs prepared by different manufactures, however, it can be expected that the DC method is convenient in view of little participation of the instrumental errors caused by different bias light source. 
